Cheyne-Stokes respiration (CSR) is a sleep-disordered breathing characterized by recurrent central apneas alternating with hyperventilation exhibiting a crescendo-decrescendo pattern of tidal volume. This respiration is reported in patients with heart failure, stroke or damage in respiratory centers. It increases mortality for patients with severe heart failure as it has adverse impacts on the cardiac function.
• the carrier wave represents the respiration signal and is considered as a sinusoidal 72 signal x c (t) whose frequency f c goes from 0.25 Hz to 0.33 Hz in the case of CSR 73 (from 15 to 20 respirations per minute for adults): 74 x c (t) = A c cos(2πf c t),
where t denotes the time variable and A c the carrier amplitude; 75 • the modulation signal which stands for the enveloppe of the respiration, is either 76 constant for a normal respiration or oscillating for a CSR pattern. Similarly, it is 77 also assumed to be a sinusoidal signal x m (t) whose frequency goes from 8 mHz to 78 30 mHz (a cycle of CSR typically lasts from 30 s to 2 min):
where A m is the modulation amplitude and φ m is the phase; • the modulated signal can be expressed as:
where k ∈ R is a constant and h = kA m is the modulation index. The enveloppe 81 signal is defined as follows:
The modulation index h ≥ 0 is a key parameter of the amplitude modulation. It 83 varies between 0 and 1 and graduates the amplitude level of the periodic breathing as 84 indicated in Figure 1 . Over-modulation (h > 1) creates a distortion of the signal, but 85 this case is not considered here because it cannot happen for respiration. However, apnea can occur and the modulated signal is modified to:
where H(t) is the Heaviside function defined by H(t) = 1 for t > 0 and H(t) = 0 88 otherwise. Note that the function H(·) in (7) is effective only when h > 1, otherwise it 89 is equal to 1. When h > 1, the duration δ of the apnea period can be computed from h 90 and f m : Figure 1 shows an apnea zone around t = 800 s corresponding to h = 1.5. Change point analysis (CPA) [20] is used to detect breath-by-breath respiration from 104 the ventilation signal. Let us denote by x ∈ R N the respiration signal to be analyzed. 105 We assume that some statistical properties of x change abruptly at instants t 1 , . . . , t K , 106 called change points. In CPA methods, the aim is to estimate the segmentation (regularization) is added to the residual error. The approach tend to minimize:
with β > 0 is a tuning parameter that controls the number of change points K [23] . In 111 our case, a change point represents a peak or a trough in the signal (inspiration and only peaks whose section duration is greater than one second are conserved (biological 116 prior knowledge: the respiratory rate is between 15 and 20 cycles per minute). An 117 example of segmentation is given in Figure 2 .
118

Reconstruction of the envelope 119
Interruption of ventilation is detected if the time difference between two breaths is 120 greater than three times the median of the distances between peaks. In this case, the 121 envelope is set to zero until the next breath (see also Figure2) . Finally, the signal is 122 linearly interpolated and then evenly resampled. Once the envelope of the ventilation signal is extracted, the goal is to estimate the parameters A c , f m , φ m and h of the CSR envelope model presented in (6) . As the July 28, 2019 7/19 envelope is modeled as a sinusoidal process, we used a subspace-based method called Matrix Pencil [21, 22] . First, let us express the envelope as a weighted sum of complex exponentials:
= a 1 e j2πf1t + a 2 e j2πf2t + a 3 e j2πf3t ,
with apneas);
• if it is longer than 10 minutes butĥ is less than 1 with minimum one episode 148 lasting at least 6 minutes (3 consecutive cycles) then the patient exhibits an early 149 stage of CSR and the value ofĥ can be interpreted as an indicator of severity of 150 the pathology;
151
• if it is shorter than 10 minutes with no episode lasting more than 3 consecutive 152 cycles, the patient is classified as non-CSR. the proposed method. Figure 3 illustrates the scheme used in [16] for the computation 194 of the eAMI index with the value of each parameter. Using a filter bank, a modulation 195 index is estimated; it indicates an apnea when its value is close to one and can take of them is specified in [16] . In comparison, our method requires three steps that may is the pathology. If h is above 1, then the patient presents a CSR pattern with apnea. 277
The higher h > 1, the longer are the apneas and the more severe is the pathology.
278
Our method achieves better overall results than eAMI. Our final classification 279 accurately detected all patients presenting CSR patterns with or without apnea. It also 280 correctly classified non-CSR patients. Three patients were classified by the expert as 281 non-CSR but with possible early CSR patterns. Those three patients were classified by 282 the algorithm as periodic breathing preceding CSR. The algorithm highlighted the same 283 patients as the experts and allowed to clearly quantify and qualify their breathing to 284 confirm the suspicion of the experts.
285
The proposed method can be used to monitor periodic breathing through night to 286 determine its progression according to sleep stages or through different exams to 287 observe the evolution within months. It can be a powerful tracker to locate the patient 288 on the continuum of the pathology and help the expert to precisely estimate the 289 evolution of the patient's symptoms. Also, as our index can be considered as a 290 continuous signal, precising the severity of the modulation through night, it has the 291 advantage over the AHI index that describes the whole process instead of computing the 292 sum of events. It is also an automatic method that does not require any human 293 intervention contrary to AHI estimation.
294
Finally, the algorithm is based on the same tools that the expert uses: morphology 295
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using h index that matches the crescendo-decrescendo pattern of periodic breathing and 296
temporal intervals with f m that specifies the exact frequency of the oscillation. focus on the possibility to adapt our method to be applied directly on electrocardiogram 308 signals. The mid-term goal is to carry out a clinical study to analyze the cost-efficiency, 309
validate the proposed solution in a larger panel of patients, and propose a robust tuned 310 threshold for the detection.
